We present the development of a compact f ∕7.3 (D 35 mm) three-mirror reflective telescope for the atmospheric-research microsatellite Mesospheric Airglow/Aerosol Tomography Spectroscopy (MATS). The telescope design was driven by the end users' need for a reflective wide-field (5.67°× 0.91°) optic with high stray light rejection and six detection channels with separate image sensors, operating at wavelengths 270-772 nm. For the first time, a design method for wide-field off-axis telescopes-in which linear astigmatism is eliminatedwas applied and tested in practice. Single-point diamond turning was used to produce two sets of 37-110 mm large free-form aluminum mirrors with surface figure errors and roughness values of 34-62 nm (RMS)/193-497 nm (PV) and 2.8-3.5 nm (RMS), respectively. A method that combines precise machining and geometry measurements (using a coordinate measuring machine) was employed to fabricate an aluminum structure to accurately position the mirrors without the need for manual alignment. The telescope was tested with a network of plate beamsplitters and filters, which define the spectral selection for the six detection channels. Imaging performance measurements were carried out using a reflective off-axis collimator, which projects imaging targets at infinite focus. A modulation transfer function (MTF) value of 0.45 at 20 lp/mm was measured at ∼760 nm (diffraction limit: 0.85) using a slanted edge target. By modeling the measured mirror surfaces in optical design software, a reoptimization of the mirror positions could be performed and an improved MTF of ∼0.75 at 20 lp/mm was predicted. The results demonstrate design-and building methods that can be utilized to make off-axis telescopes for a vast range of applications.
INTRODUCTION
At altitudes between 70 and 110 km, where the mesosphere transitions into the mesopause/thermosphere, ascending largescale air pressure waves expand rapidly and break apart due to decreased atmospheric pressure. These are called gravity waves (not to be confused with gravitational waves) and act as a driver of midatmospheric circulation, which transfers heat and momentum between the various layers of the atmosphere [1] . Gravity waves therefore play an important role in the overall dynamics of the atmosphere and should be investigated for improved climate modeling and weather prediction [2] . Several satellite-borne instruments have therefore been used in recent years to study gravity waves [3] [4] [5] [6] . However, there is currently a lack of measurement data for gravity waves with wavelengths below 20 km vertically and 100 km horizontally [7] . This has motivated the development of a new satellite-borne low Earth orbit instrument called Mesospheric Airglow/Aerosol Tomography Spectroscopy (MATS) [8] , which is scheduled for launch in late 2019.
MATS will use four optical instruments to collect measurement data, whereof the main one is directed toward the atmospheric limb and the three others point in the nadir direction. The limb instrument will have six channels to study gravity waves through emissions from O 2 atmospheric airglow (NIR, 759-767 nm) [9] and noctilucent clouds (UV, 270-304.5 nm) [10] . Combining multiple images taken from different directions and from different wavelength bands, spectroscopy and tomographic methods can be used to obtain three-dimensional wave patterns and temperature distributions in the mesosphere [11, 12] .
To resolve both small-and large-scale gravity waves at UV and NIR wavelengths, a reflective telescope design with a relatively large field of view (FoV) is needed for the limb instrument. On-axis telescope designs with three mirrors and that are corrected for the main third-order aberrations (i.e., spherical aberration, coma, astigmatism, and field curvature) are often referred to as three-mirror anastigmats (TMAs) [13] . These have therefore found several applications throughout the years [14] [15] [16] . However, strict stray light requirements associated with the mission [17] and the need for efficient accommodation of the six detection channels called for an off-axis design of the limb instrument. Off-axis versions of TMAs have gained popularity [18] [19] [20] [21] [22] , in part due to developments in mirror manufacturing where fully free-form metallic surfaces can be made using high-precision single-point diamond turning (SPDT) [23, 24] . Unlike on-axis systems, the dominating aberration for off-axis telescopes is the lower-order linear astigmatism [25] , which introduces a relative tilt between the tangential and sagittal image planes. Unless corrected for, linear astigmatism will limit the performance for large FoV off-axis telescopes.
Using the closed-form analytical expressions to remove linear astigmatism [26] , an off-axis three-mirror telescope with six separate image planes was designed for the MATS limb instrument. Two sets of telescope mirrors were manufactured using SPDT, which resulted in excellent surface figures. The mirrors were mounted in high-precision aluminum structures, which were part of the breadboard and prototype models used for imaging performance tests. This is the first time a telescope design based on the method of elimination of linear astigmatism is built and tested. With relatively modest imaging requirements for the limb instrument, it was possible to manufacture the mounting structures with high accuracy so that the mirrors could be mounted without the need for manual alignment.
PAYLOAD OVERVIEW
MATS is the first instrument to use the InnoSat microsatellite platform [27] , which will be the basis for a new program of small satellites that use the same standard platform. The 50 kg platform can support payloads of 65 cm × 53 cm × 48 cm in size and masses up to 20 kg-see Fig. 1 . MATS will be launched into a sun-synchronous low Earth orbit (585 km altitude), which enables the use of a single solar panel and temperature regulation using passive radiative coolers and resistive heaters.
The f ∕7.3 telescope of the limb instrument uses a 35 mm entrance pupil diameter to capture a 250 km × 40 km atmospheric scene at a distance of ∼2600 km, which leads to a FoV of 5.67°× 0.91°. To measure gravity wave structures with features down to 200 m, the limb telescope must have an MTF of at least 0.5 at 20 lp/mm in the vertical direction (c.f. Table 1) . Horizontally, the imaging requirements are much less strict since only structures in the order of 5-50 km must be resolved. Back-illuminated CCD image sensors with a resolution of 515 × 2048 (6.9 mm × 27.6 mm) will be used for all channels [28] . On-chip binning will be used, which results in a maximum Nyquist frequency of 18.6 lp/mm.
OPTICAL DESIGN
The basic optical layout of the telescope was designed to fit within the payload volume of the satellite platform while accommodating all six imaging channels. By choosing a relatively long back focal length of ∼450 mm, a network of beamsplitters, filters, folding mirrors, and image sensors of the limb instrument could be accommodated. The full implementation of the telescope with its six channels is shown in Fig. 2 . The thicknesses and tilts of the instrument's glass components were chosen so that the optical path length became identical for all channels (The initial design included three pellicle beamsplitters for the IR1-4 channels. However, tests later revealed that the reflected wavefront error became too big, and, hence, these components were replaced by plate beamsplitters-see Section 5). Broadband filters remove visible light, whereas the final spectral selections are defined by narrowband filters placed in front of each image sensor.
A starting point for the telescope design was obtained by employing a method in which three confocal mirrors fulfilled the condition to eliminate linear astigmatism [26] :
(1) Here, m 1−3 and i 1−3 denote mirror magnifications and corresponding optical-axis ray reflection angles, respectively. Table 2 and Fig. 3 summarize the geometry for the basic telescope design. The aperture stop was placed on the secondary M2 mirror, which is situated at approximately equal distances from M1 and M3, which in turn act to restrict the size of these apertures. The relatively long back-focal length results in nearly identical angles of incidence when light from across the FoV hits the narrowband interference filters. This makes shifts in the central wavelengths of the filters insignificant and ensures a correct spectral selection across each captured image.
The surface sag z of each mirror was defined by the following polynomial:
where A i are real coefficients and E 1 x,E 2 y,E 3 x 2 ,E 4 xy,E 5 y 2 ,…E 43 x 2 y 6 ,E 44 xy 7 , and E 45 y 8 . To impose symmetry in the yz-plane, all coefficients A i with odd powers of x were set to zero. Implementing the design in Zemax Opticstudio and optimizing the coefficients for the mirror surfaces, intermirror distances and mirror tilts resulted in a design with diffraction-limited performance over a FoV of 13.8°× 4.0°at 270 nm. However, this requires larger M1 and M3 mirrors than the ones used in the design, which were made to match the required FoV of 5.67°× 0.91°without vignetting. Obstruction of the mirrors in the vertical direction limits the maximum vertical FoV for the design (c.f. Fig. 3 ). Slightly oversized masking apertures were used in front of the CCDs to block unwanted light. To correct for wavefront errors introduced by the network of filters and beamsplitters, three 3 mm glass plates were inserted into the optical path before performing a final optimization of the design where intermirror distances, reflection angles, and mirror surfaces were fine-tuned.
A basic tolerance analysis was performed to identify sensitive parts of the telescope and to get an indication of overall mirror alignment requirements. Mirrors were first tilted and moved inplane individually, and so were the two intermirror distances. Focus compensation was used in all cases. Acceptable tilt errors of the mirrors about the x and y axis (c.f. Fig. 3 ) were in the range 0.05°-0.4°. Tilt errors around the x axis for M1 and y axis for M3 were the most sensitive, 0.05°and 0.1°, respectively. The system was particularly insensitive to in-plane translations of the mirrors. No major degradation of the imaging quality for translations up to 500 μm were seen. For the intermirror separations, the results showed individual errors up to 500 μm were tolerable. However, larger errors required focus compensations up to 2 mm, which is more than the mechanical implementation allows for-see Section 4. A Monte Carlo analysis was also performed, which showed that overall tolerances of: 100 μ should be acceptable.
OPTOMECHANICAL DESIGN AND PROTOTYPING
Manufacturing of the mirrors began with CNC machining of the blanks made of 6061 T6 rapidly solidified aluminum. This step determined the overall geometry while leaving some material to be removed in the subsequent SPDT process, which defined the final mirror surfaces. Before removing each mirror from the workholder of the SPDT machine, the three mounting interfaces were made using the same cutting tool, providing an offset error less than 300 nm to the mirror surface. Hence, the mounting interfaces could later be used as reference surfaces when aligning the mirrors. Thermal expansion zones were defined around each mounting interface to avoid warping the mirrors due to changed temperature conditions-see Figs. 4 and 6. 0.92393 - Fig. 3 . Basic three-mirror off-axis design for the limb telescope. The optical-axis ray is shown in red. 
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Coating the mirrors with NiP and subsequent polishing can reduce the surface roughness down to 0.6 nm and lead to a twoorders-of-magnitude reduction of nonspecular reflections [29] . However, to avoid excess surface deformation due to the mismatch in thermal expansion coefficients between aluminum and NiP, a protective aluminum coating with no polishing was used instead.
The first set of manufactured mirrors was used for breadboard and prototype tests. The surface errors were measured using a tactile method, and the results were taken as input to improve the surface figures of the second set of mirrors, which are intended for flight. Figure 5 and Table 3 summarize large-scale surface errors and surface roughness for the breadboard/prototype and flight mirrors.
With six degrees of freedom for each of the three mirrors, alignment with manual tuning of tilts can be a difficult process that may require interferometric and computer-aided techniques [19] . Therefore, an approach where the mirror positions were defined by six mating interfaces to a high-precision mounting structure was used instead [30] .
The breadboard mounting structure was milled from a single block of aluminum, which had tolerances in the order 50-100 μm (measured using a coordinate measuring machine) and hence within predicted tolerances (c.f. Section 3). As shown in Fig. 6 , spherical washers were used to interface between the mounting structure and the mirrors. The thickness of these washers uniquely determine the tilt of the mirrors and was machined to compensate for the measured errors of the breadboard mounting structure but not surface figure errors of the prototype mirrors. Moreover, this scheme also ensures minimization of stresses in the mirrors when these are fixed to the mounting structure. Lateral offsets of the mirrors were controlled in the same manner using L-shaped brackets (cf. Fig. 6 ).
The breadboard setup was based on an optical table where the mirror mounting structure was simply placed behind a beamsplitter, followed by a broadband filter and a narrowband filter to achieve the intended imaging performance. This setup was fully representative in terms of optical resolution but could only be used to test one imaging channel at the time. However, with full adjustability of the CCD image sensor, this setup could be used as a benchmark for the optical performance of the limb telescope. The prototype model was a highly flight-representative and had beamsplitters and filters for all six imaging channels-see Fig. 7 . A main housing for the entire optical chain was milled from a single block of aluminum and coated with black nickel. The six CCD sensors were mounted on the outside of the housing using standoffs made from a glass-ceramic (Macor) to achieve thermal decoupling. This setup allowed for no manual adjustment of the optical components, except for the CCD sensors that could be moved 2 mm for focusing.
IMAGING PERFORMANCE
A reflective collimator based on an off-axis parabolic mirror was used for the optical tests of the limb telescope. The collimator had a 110 mm aluminum-coated parabolic mirror (f ∕9) with a resolution better than 80 lp/mm and a FoV of 3.3°. A 150 W Xe source and a diffuser were used to accomplish a uniform illumination of the focal-plane imaging targets, which were mounted on a rotary wheel. It was unfortunately discovered that the diffusor had an incorrect coating with high absorption below 400 nm. With virtually no output power in the UV bands at time of testing, it was only possible to test the imaging performance at NIR wavelengths. The targets used for tests were a 1951 USAF resolution test chart, an edge target (for MTF measurements), and various pinhole targets. Since the collimator could not cover the entire FoV, the optic was mounted on a rotary stage with the axis of rotation coinciding with the center of M1 to enable sweeping in the horizontal direction. A dual-blade chopper was placed in front of M1 and used as a shutter to define the exposure time. Although the flight system will not include a shutter, it was deemed preferable during testing since the effect of read-out smearing could be removed without any postprocessing of the measured data. The initial measurements were performed in a breadboard configuration with the telescope mounted on an optical bench and with full adjustability of the CCD sensor. As part of the initial design, three rectangular pellicle beamsplitters were used in the optical path for the four NIR channels (cf. Fig. 2 ) to achieve identical optical path length for all six channels of the instrument and to minimize potential ghosting problems. However, since uneven strain in the membrane of the rectangular pellicle beamsplitters were known a priori to create excess curvature, the two solutions were compared experimentally. The results are summarized in Figs. 8 and 9. As can be seen, the pellicle beamsplitter in the reflective mode leads to a substantial decrease in resolution compared to a 3 mm plate beamsplitter in the transmission mode. Hence, the latter solution was chosen for the prototype and upcoming flight model. By placing the IR1 and IR2 channels at the positions with the highest resolution (predicted from simulations), the resolution requirements (c.f. Table 1 ) for all channels could still be fulfilled.
A number of issues were revealed when performing tests with the full limb instrument prototype. Most notably, late discovered manufacturing errors led to decreased tolerances for the mirror mounting structure, which in turn resulted in worsened imaging performance that was not corrected for. This most likely happened because of an incorrectly performed thermal stress relief. Generally, the measured MTF from the prototype was in the order of 0.1 at 20 lp/mm and thus below the required value of 0.5. In addition, an excessive misalignment between channels could be attributed to incorrectly mounted beamsplitters/filters, which caused tilt errors. Nevertheless, the prototype test campaign still offered an opportunity to test building concepts and focusing procedures for the upcoming flight model. The latter was performed using custom jigs for each channel (see Fig. 7 ), where the CCDs could be moved along the optical axis with respect to the limb house (c.f. Fig. 7) . Figure 10 shows a compilation of (scaled up) pointsource images taken with the prototype.
The measured surface errors of the mirror were largely symmetric (c.f. Fig. 5 ), which primarily alters the focal lengths. This implies that the condition to eliminate linear astigmatism Fig. 8 . Measured MTF curves in the NIR (IR2) of the telescope breadboard at the center of its FoV. Transmission/reflection in the pellicle beamsplitter is compared to transmission through a 3 mm plate beamsplitter. The simulated MTF data was obtained using measured prototype mirror surfaces and was averaged over different field points across the FoV. Research Article [Eq. (1)] is not fulfilled, and the wide-field performance of the telescope consequently degrades. It was therefore decided to investigate if the resolution could be improved for the flight model by optimizing the mirror positions using the measured surface figures. With the same basis functions used to describe the ideal surfaces [Eq. (2)], polynomials for the measured mirrors (prototype and flight) could be obtained through an iterative fitting process. A maximum residual error (PV) between the measured and fitted surfaces of 120 nm was obtained. The peak error typically occurred in the center of each mirror, corresponding to the axis of rotation during the SPDT machining.
The fitted mirror surfaces were implemented in Zemax Opticstudio, where the mirror positions were optimized for minimized RMS spot diameter across the FoV. Eight different setups were investigated, corresponding to all possible combinations of prototype and flight mirrors. As the limb instrument prototype housing (c.f. Fig. 7 ) will be reused for flight, a number of constraints were imposed to the optimization since the positions of beamsplitters, filters, and CCD sensors are defined by the housing geometry and thus fixed. The tilt angles i 1 , i 2 [c.f. Eq. (1)] and the M1-M2 distance were taken as variables, whereas i 3 and the M2-M3 and M3-beamsplitter distances were calculated analytically from the geometrical constraints for each set of variable values. Minor in-plane (<100 μm) adjustments of the mirrors were applied in the last step of the optimization to compensate for the small offsets between the midpoint of the mirrors and the reference surfaces on the sides.
A set of predicted MTF curves across the FoV for the breadboard configuration is shown in Fig. 11 . By running the optimization for all eight possible combination of prototype and flight mirrors, it was concluded that the flight mirrors were indeed able to produce the best imaging performance. However, nearly equal performance was obtained by replacing the flight M3 with its prototype counterpart. As can be seen in Fig. 11 , a significant increase of the MTF can be expected using the flight mirror positions optimized for the measured surface errors. An average MTF of 0.75 is predicted at 20 lp/mm in the NIR, while the corresponding number is 0.81 in UV (not shown in Fig. 11 ).
For the particular optimized solution that was found, the x-axis tilts for M1, M2, and M3 were adjusted by 0.22°, 0.27°, and 0.04°, respectively. Intermirror distances changed by 6.36 and 3.33 mm, which ensured keeping the focus compensation of the CCD within 2 mm.
CONCLUSION
A reflective off-axis three-mirror telescope for the MATS limb instrument has been designed, built, and tested. The design achieved diffraction-limited performance over a FoV of 13.8°× 4.0°at 270 nm by employing a design method to eliminate linear astigmatism, which (unless corrected for) becomes the major limiting aberration for off-axis wide-field telescopes. Two sets of aluminum mirrors were machined using a high-precision SPDT process. Measured surface figure errors and roughness values were 34-62 nm (RMS)/193-497 nm (PV) and 2.8-3.5 nm (RMS), respectively. A telescope breadboard model and a highly flight-representative prototype of the MATS limb instrument were built. With accurate positioning of the mirrors, measurements revealed MTF values of 0.45 at 20 lp/mm at wavelengths of approximately 760 nm. This is the first time that a telescope design based on the elimination of linear astigmatism has been built and tested. Tolerance problems detected in the prototype model motivated an investigation on how to improve the optical resolution for the flight model. By implementing the measured surface errors of the six manufactured mirrors into Zemax Opticstudio, alignment for different flight/prototype mirror configurations could be investigated. The simulated results show that the mirrors intended for flight indeed provide the best imaging performance, which is predicted to be 0.75 at 20 lp/mm and a wavelength of 763 nm. In summary, this work has presented efficient design and building methods that are highly applicable, even outside the field of space-borne Earth observation.
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